The integrity and dynamic properties of the microtubule cytoskeleton are indispensable for the development of the mammalian brain. Consequently, mutations in the genes that encode the structural component (the a/b-tubulin heterodimer) can give rise to severe, sporadic neurodevelopmental disorders. These are commonly referred to as the tubulinopathies. Here we report the addition of recessive quadrupedalism, also known as Uner Tan syndrome (UTS), to the growing list of diseases caused by tubulin variants. Analysis of a consanguineous UTS family identified a biallelic TUBB2B mutation, resulting in a p.R390Q amino acid substitution. In addition to the identifying quadrupedal locomotion, all three patients showed severe cerebellar hypoplasia. None, however, displayed the basal ganglia malformations typically associated with TUBB2B mutations. Functional analysis of the R390Q substitution revealed that it did not affect the ability of b-tubulin to fold or become assembled into the a/b-heterodimer, nor did it influence the incorporation of mutant-containing heterodimers into microtubule polymers. The 390Q mutation in S. cerevisiae TUB2 did not affect growth under basal conditions, but did result in increased sensitivity to microtubule-depolymerizing drugs, indicative of a mild impact of this mutation on microtubule function. The TUBB2B mutation described here represents an unusual recessive mode of inheritance for missense-mediated tubulinopathies and reinforces the sensitivity of the developing cerebellum to microtubule defects. †
Introduction
Microtubules fulfil a wide variety of critical functions throughout the development of the mammalian brain (1,2): they form the mitotic spindle, provide a framework during cellular migration and process extension and provide a stable platform for intracellular transport. Defects in these processes can result in various neurological disorders, including primary microcephaly (e.g. ASPM) and lissencephaly (e.g. PAFAH1B1) (1) (2) (3) (4) (5) (6) .
Over the past decade, a plethora of mutations in genes encoding the building blocks of microtubules themselves, the tubulins, have been associated with neurodevelopmental diseases that are now referred to as the tubulinopathies (2, 7, 8) . Out of the 19 human genes encoding the a-, b-and c-tubulin isoforms, variants in 11 (TUBA1A, TUBA4A, TUBA8, TUBB1, TUBB2A, TUBB2B, TUBB3, TUBB5, TUBB4A, TUBB8 and TUBG1) have been implicated in human disorders, the majority affecting the central nervous system (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . To date, more than 100 distinct mutations have been reported in the various tubulin genes, covering a wide spectrum of human conditions from lissencephaly to ALS and female sterility (7, 9, 12, 14) . This diversity can also be seen on the single gene level. For instance, distinct mutations in TUBB3 can cause either polymicrogyria (e.g. E205K) or axon guidance disorders (e.g. R262C), depending on the variant's impact on microtubule function (18, 17) .
Despite this variability, the neurodevelopmental tubulinopathies often share certain characteristics. Phenotypically, patients with mutations in these tubulin genes frequently show supratentorial defects such as neuronal migration disorders of the cerebral cortex, agenesis of the corpus callosum and perturbation of the basal ganglia, as well as hypoplasia and malformations of the hindbrain (2, 7) . Although specific phenotypes may be more frequently associated with one isoform (e.g. TUBA1A to lissencephaly or TUBB2B to polymicrogyria), overall, many of the isoforms (TUBA1A, TUBB2A, TUBB2B, TUBB3 and TUBB5) converge on a spectrum of related disorders (7, 20, 23) .
Genetically, almost all of the disease-causing tubulin mutations described are sporadic and autosomal dominant, the exceptions being a homozygous splice-mutation in TUBA8 of unclear relevance and recently reported homozygous TUBB8 variants that cause female sterility (2, 7, 20, 24, 25) .
Uner Tan syndrome (also known as Cerebellar Ataxia, Mental Retardation, And Dysequilibrium Syndrome, CAMRQ) is a collection of recessive single gene disorders, in which affected individuals show quadrupedalism, mental retardation and cerebellar developmental defects (26) (27) (28) (29) . To date, mutations in VLDLR, WDR81, CA8 and ATP8A2 have been described as causative in this disease (26) (27) (28) (29) .
Here we report the discovery of a homozygous TUBB2B variant that segregates with a familial case of Uner Tan syndrome (UTS) with cerebellar hypoplasia. Heterozygous mutations in this gene were originally described in cases of asymmetric polymicrogyria in association with basal ganglia defects and various degrees of microcephaly, corpus callosum abnormalities and hindbrain defects (19) . With the present study, we expand the list of diseases caused by tubulin mutations and also demonstrate the possibility of recessive inheritance of pathogenic tubulin mutations in neurodevelopmental disease.
Results

Description and genetic analysis of an extended Uner Tan syndrome family
We previously described three living, affected individuals of an extended Turkish family with UTS (Table 1 and Fig. 1A-E) (30) . All three presented with identical quadrupedal locomotion in combination with mild to severe ataxia and intellectual disability. Patients were from both branches of a two-branch consanguineous pedigree, suggesting a recessive cause. At last examination as adults, the head circumference was reduced (-3.32 SD to -5.78 SD), gross and fine motor development were delayed in all afflicted individuals, and language and social development were either absent (III-7 and III-8) or delayed (III-4) (31). There were no reports of seizures. All three individuals showed extensive cerebellar hypoplasia; two also showed simplified cortical gyration (Fig. 1B) . With the exception of the corpus callosum in III-4, other brain regions were structurally intact.
As mutations in VLDLR, a previously reported cause of UTS, were absent, whole exome sequencing was performed for all three affected individuals (26, 30) . Analysis of the sequencing data employing our standard prioritization pipeline resulted in the identification of only one shared candidate mutation, located in the tubulin isoform TUBB2B (32). This variant, a c.1169G > A (RefSeq: NM_178012.4) conversion, resulting in a p.390R > Q substitution, segregated with the recessive phenotype in the three affected individuals, the mothers of both branches (II-2 and II-4) and non-UTS siblings (III-3, III-6, III-9, III-12 and III-13) ( (33, 34) .
This variant was not present in the GME Variome or the ExAC database and was annotated as disease-causing by internal tools and the program MutationTaster (32, 35, 36) . The affected arginine at position 390 is located in the C-terminal domain of TUBB2B and is highly conserved in vertebrate and invertebrate homologs ( Fig. 1F and G) . The sole b-tubulin found in S. cerevisiae, Tub2p, does not contain an encoded arginine at this position, but has a similar positively charged lysine residue at this position.
Location and impact of the R390Q variant on folding and integration
Because of the intriguing recessive mode of inheritance for this tubulin mutation, we sought to gain insight into the resulting pathogenic mechanisms via structural modelling. This analysis revealed that R390 resides on the surface of the protein and is part of the longitudinal inter-dimer interface (Fig. 2) (37) . Together with R391 and K392, it forms a three-pronged basic structure that binds to the adjacent a-tubulin within the protofilament. This interface is also important for the interaction with maytansine and related drugs that impair the linear assembly of heterodimers, suggesting that alterations of the b-tubulin surface at this position might interfere with the dynamic properties of microtubules (38) .
The de novo generation of tubulin heterodimers is dependent on the concerted action of multiple chaperones, including five that are exclusive for this pathway (39) . To investigate the potential impact of the R390Q variant, we employed radioactive labelling of wild-type and mutant protein in coupled transcription/translation reactions and analysed the kinetics of target protein/chaperone complex formation. These experiments revealed no differences in either polypeptide translational efficiency, the kinetics of folding or the end-point yield of newly assembled heterodimers (Fig. 3A and B) .
Because the R390 residue is part of an important binding interface with a-tubulin contained in an adjacent heterodimer, we reasoned that the mutation might affect incorporation into the microtubule lattice. To assess this in vivo, FLAG-tagged wildtype and mutant Tubb2b were expressed in HEK293T cells and stained with antibodies to detect a-tubulin and the overexpressed constructs (Fig. 3C-H) . Wild-type and mutant proteins showed indistinguishable co-localisation with the endogenous microtubule cytoskeleton, suggesting no difference in the ability of the mutant to polymerize into microtubules. These data were confirmed in parallel experiments using COS-7 cells (Supplementary Material, Fig. S3 ).
Introduction of the 390Q mutation impacts microtubule stability in yeast
While the R390Q mutation did not affect folding and integration, these two assays could not address its potential effect on microtubule stability. We decided to interrogate this possibility using the budding yeast S. cerevisiae. Its sole b-tubulin Tub2p and human TUBB2B share 74% amino acid sequence identity and show 84% similarity when charge-maintaining 
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substitutions are considered as conserved (40) . Due to the relatively simple introduction of transgenic variants, S. cerevisiae is a convenient and established model for testing the impact of b-tubulin mutations on microtubule stability (9, 18, 41) .
As the R390Q mutation is recessive, we decided to use standard gene replacement methods to introduce the homologous variant, K390Q, into the haploid yeast strain BY4741 (42, 43) . Control TUB2.URA3 and mutant tub2-K390Q.URA3 strains were recovered at similar frequencies, indicating that the tub2-K390Q mutation was not lethal and neither strain showed any growth defects on YPD plates (Fig. 4A) . However, the two strains exhibited differences when exposed to the microtubule destabilizing drugs nocodazole or benomyl ( Fig. 4B-D) . Previous work has shown that disease-causing mutations in tubulin often result in higher sensitivity to these drugs (9, 18) . Whereas the wild-type TUB2.URA strain behaved identically to the parental strain when challenged with these two compounds, the mutant tub2-K390Q.URA strain showed reduced growth in a spot assay ( Fig.  4B-D) . We conclude that while the glutamine at position 390 did not affect the generation of the tubulin heterodimer or its ability to polymerize into microtubules, it impaired microtubule stability in vivo.
Expression of Tubb2b in the developing embryonic cerebellum
Because of the pronounced cerebellar phenotype observed in the affected individuals, we investigated the expression of the mouse homolog Tubb2b in this brain region during embryonic development. We previously generated and characterized a BAC-transgenic mouse line that expresses GFP under the control of the endogenous Tubb2b locus (44) . This strategy was necessary due to a lack of validated antibodies that are specific for Tubb2b. Our previous analysis focused on the postnatal developing cerebellum, where we could detect widespread GFP signal in progenitors and post-mitotic neurons (44) . Here, we extended this approach to the embryonic stages, as the extensive cerebellar hypoplasia observed in UTS patients as well as hindbrain malformations in other tubulinopathy patients may be a result of defects during early development.
Tubb2b was widely expressed throughout the nervous system and can also be seen at high levels in the developing cerebellar anlage at embryonic day 16.5 ( Fig. 5A-C) . The GFP signal was weaker in the external granular zone (EGZ) compared with the Purkinje cell cluster area (PCC), although still clearly above background fluorescence in controls (Fig. 5D-F) . This was consistent with our previous observation that Tubb2b is expressed at lower levels in proliferating cells (44) . More detailed analysis revealed that Tubb2b was present in Pax6-positive progenitors in the EGZ and developing excitatory neurons in the PCC (99.24% 6 0.13%; n ¼ 3 animals, 652 cells), pH3-positive mitotic cells (98.98% 6 1.01%; n ¼ 3 animals, 99 cells), NeuNpositive post-mitotic neurons (98.88% 6 1.12%; n ¼ 3 animals, 530 cells), Calbindin-positive Purkinje cells (99.32% 6 0.67%; n ¼ 3 animals, 286 cells) and Sox2-positive progenitors in the ventricular zone and Bergmann glial cells in the PCC (99.76% 6 0.24%; n ¼ 3 animals, 415 cells) (Fig. 5G-Z) . Taken together, these data demonstrate that Tubb2b is abundantly expressed throughout the development of the cerebellum, and, just as in cortical development, can be found in all known cell types found in the cerebellar anlage at this embryonic time point.
Discussion
In this study, we describe the identification of a recessive TUBB2B mutation that segregated within a family diagnosed with Uner Tan syndrome. This variant was the only identified candidate locus that passed our filters and was shared between the three patients, all of whom exhibited the stereotypic quadrupedal locomotion and severe cerebellar hypoplasia. The resulting p.R390Q amino acid substitution did not affect the ability to fold and integrate into the microtubule lattice; however, its homologous variant in yeast sensitized cells to microtubule-destabilizing drugs.
TUBB2B is the fifth gene that has been implicated in UTS. Similar to the others, VLDLR, ATP8A2, WDR81 and CA8, the causative mutation is familial and recessive (26) (27) (28) (29) . Phenotypically, TUBB2B patients resemble those with mutations in the former three, as these cases present with cerebellar hypoplasia and impact the size, structure or both of the cerebral cortex (26) (27) (28) . This is reflected in mouse models for loss of Vldlr and Atp8a2, even though the latter showed progressive ataxia in the wabbler-lethal animals (45, 46) . No imaging has been provided for the CA8 patients (29); however, a mouse model for this gene has shown no alteration in cerebellar and cerebral structure or size (47) .
The phenotypic convergence of all genes on quadrupedal locomotion and mental impairment could suggest that they are involved in a common mechanism or pathway. However, this does not seem to be the case. Whereas TUBB2B encodes a structural component of the cytoskeleton, none of the other genes are related to either this function or to each other. VLDLR is a reelin receptor and its knockout in mouse impairs downstream signalling through Dab1 (46); ATP8A2 is an aminophospholipid transporter and its depletion in mouse causes axonopathy (46, 48) . The function of the transmembrane protein WDR81 is poorly understood, but a recent mouse study has suggested a role in Purkinje cell survival, its localization to mitochondria and its importance in their integrity (49) . Finally, CA8 is important for the modulation of Ca 2þ signalling in Purkinje cells and its perturbation in mouse results in defective GABAergic signalling (50) . Based on the human and functional data, we propose a tentative distinction between three types of UTS based on their clinical presentation rather than their disease mechanism: 1) developmental UTS (TUBB2B, VLDLR); 2) degenerative UTS (ATP8A2, WDR81); and 3) UTS without cerebellar malformations (CA8). However, the latter still has to be confirmed by future imaging of human patients and is currently based solely on mouse data. Previously reported amino acid substitutions in tubulin encoding genes that caused neurological disease were exclusively heterozygous and, with the exception of mosaic parents, occurred in sporadic cases (2, 7, 51) . This is the first case of a recessively inherited mutation in this gene family, with the exception of a splice site alteration in TUBA8, the relevance of which is still unclear, and homozygous mutations in TUBB8 that cause female sterility (20, 25, 52) . We and others originally proposed that tubulinopathies can be caused by haploinsufficiency, as the impaired folding of many variants suggested reduced heterodimer abundance (8, 53, 54) . However, the identification of TUBB3 mutations that can cause different disease phenotypes and the lack of true haploid loss-of-function mutations has cast doubt on this hypothesis (17, 18, 55) . This led Kumar and colleagues to propose a model in which all tubulin mutations would act by a gain-offunction, rather than a (partial) loss-of-function (55) . It is apparent, however, that the situation is more complex.
Our previous work on the b-tubulin isoform TUBB5 showed that heterozygous missense mutations in this gene -which is expressed at high levels throughout brain development -cause microcephaly with structural brain abnormalities (14, 56, 57) . While overexpression of disease-causing TUBB5 mutants resulted in migration and progenitor defects in utero, so did Tubb5 depletion (14, 56) . Moreover, heterozygous loss in a conditional knockout resulted in severe microcephaly, one of the main patient phenotypes (57) . We note, however, that analysis of a disease-causing knockin showed some additional, milder phenotypes that were absent in the knockout and that may contribute to the disease presentation. This suggests that tubulinopathies do not all act by a simple loss or gain of function, but can result from a combination of the two. The existence of a recessive variant alongside the heterozygous mutations further supports this notion.
The cases we describe here also exhibit a unique presentation within the tubulinopathies. Although gyral simplification and cerebellar hypoplasia are well within the described spectrum, the combination of severe cerebellar hypoplasia together with a relatively mild cortical phenotype are quite rare, and have only recently been described (7, 51) . More striking is the absence of basal ganglia defects in all three patients, normally considered a hallmark of the neurological tubulinopathies (2). Oegema and colleagues described heterozygous mutations in TUBB2B in cases of cerebellar hypoplasia in the presence of mild cortical malformations (51) . Although these individuals overlap phenotypically with the UTS patients described here, they also exhibit malformations of the basal ganglia, distinguishing these two cohorts.
This distinction coincides with a different inheritance pattern, suggesting that the cerebellum is exquisitely sensitive to a specific change in microtubule function. A similar dichotomy arises with respect to TUBB3 mutations: one class causes increased stabilization and polymerization of microtubules and results in congenital fibrosis of the extraocular muscles (CFEOM3) and basal ganglia defects in the absence of cortical and cerebellar malformations; the other class negatively impacts stability and is strongly associated with cerebral and cerebellar malformations (18, 17) . It is unclear which developmental mechanism or cell type in the cerebellum might render its formation more sensitive to tubulin destabilization compared with other brain regions.
How does the R390Q variant differ from previously reported amino acid substitutions in TUBB2B? Its recessive inheritance, the unusual combination of presence and absence of brain malformations and quadrupedal locomotion sets it apart from other human mutations in this gene. It also contrasts with a previously reported recessive mouse model harbouring an ENUinduced Tubb2b mutation that results in an N247S amino acid substitution (58): homozygous mice did not survive past birth, and heterozygous mice showed mild cortical phenotypes with behavioural abnormalities.
Whereas cerebellar malformations have been previously described for patients with TUBB2B variants, these did not present with quadrupedal locomotion (7, 51) . This phenotypic difference may arise from qualitative or quantitative differences in cerebellar malformations. Alternatively, differences in the connectivity between or lesions within cortical motor control centres that are undetectable by MRI may underlie this phenomenon. These questions could be addressed by histopathological examinations, alternative imaging methods that allow analysis of activity and brain wiring or the use of mouse models introducing the different human mutations.
However, this would not address the molecular and cellular pathologies that might be unique to the R390Q variant. This residue is not altered in any other reported tubulinopathy case involving b-tubulin; likewise, none of the other two basic amino acids that are directly adjacent to R390, R391 or K392, were implicated previously (2, 7, 9, 25) . Exchange of the first arginine with glutamine in this series most likely only reduces the affinity with the adjacent heterodimer, because this changes the charge but does not introduce a side chain that could sterically block the inter-dimer interaction (37) . This notion is supported by the mutant's capability to integrate into the microtubule lattice in our functional assay. Because introduction of a homologous mutation in yeast results in an increased sensitivity to microtubule depolymerizing drugs, we conclude that this variant causes decreased stability of the polymerized microtubule. Although such phenotypes have been described for other tubulin mutations, it is important to note that these assays have been performed in diploid, not haploid strains (9, 18) .
Our results therefore suggest that the R390Q mutation causes a mild destabilization of microtubules. Whereas its heterozygous occurrence does not visibly affect neurodevelopment, the homozygous presence of the mutation causes UTS. It is unclear whether this is a result of reaching a critical concentration of defective tubulin-heterodimers, or whether a specific lack of functional TUBB2B underlies this phenotype. This question has been an ongoing conundrum in the field of tubulin biology and is part of a larger controversy regarding the multitubulin hypothesis (2, 59) .
Our study demonstrates that recessive tubulin mutations can cause Uner Tan syndrome, extending both the spectrum of disease states and the mode of inheritance associated with the tubulinopathies.
Materials and Methods
Patient recruitment
The analysed family was enrolled using the locally approved protocols and was originally described elsewhere (30) .
DNA extraction and whole exome sequencing DNA was extracted on an Autopure LS instrument (Qiagen, Valencia, CA) with Autopure chemistry according to the manufacturer's instructions. Samples of the three affected individuals were subjected to Agilent Sure-Select Human All Exon v2.0 (44Mb baited target) library preparation and submitted for paired-end sequencing (2x76bp) on an Illumina HiSeq 2000. The accession number for these data is dbGAP: phs000288.v1.p1.
Computational analysis
Variant calling and filtering were performed according to our previously described whole exome sequencing pipeline (32) . Variants were filtered if not present in all three affected, if the minor allele frequency (MAF) was >1:10,000, or if they yielded PolyPhen-2 prediction scores of <0.9 or GERP score <4.5. Cells were also checked with MutationTaster and homozygosity was confirmed using the tool HomozygosityMapper (33) (34) (35) .
Sanger sequencing
Sanger sequencing of PCR products covering exon 4 of TUBB2B was performed using standard procedures (TUBB2B_PCR_F/R, TUBB2B_Seq_F/R; Supplementary Material, Table S1 ).
3D structural computation
The structure of the tubulin heterodimer was obtained from RCSB Protein Data Bank (http://www.rcsb.org/) and visualized using Protein Workshop (37,60).
In vitro tubulin folding assay
For in vitro transcription/translation reactions, plasmids engineered for the T7-driven expression of wild-type and R390Q TUBB2B were used to drive expression in rabbit reticulocyte lysate (TNT; Promega) containing 35 S-methionine as described (19, 53) . At the indicated intervals, aliquots were withdrawn and analysed on native polyacrylamide gels. For the final track shown on both gels, the reactions were supplemented (final concentration: 0.2 mg/ml) with native bovine brain tubulin after 90 minutes and the incubation continued for 60 minutes in order to drive the formation of native tubulin heterodimers.
Cell culture experiments and immunocytochemistry
HEK293T and COS-7 cells were maintained under standard sterile conditions in DMEM (Gibco, 11995-065), supplemented with 10% FBS (Gemini Bio-Products, 100-106) and 1% Pen Strep (Gibco, 15140-122). Prior and 4 hours after transfection, medium without the addition of Pen Strep was used. Cells were transfected with the Lipofectamine 2000 reagent according to the manufacturer's protocol (Thermo Scientific, 11668019). Cterminally FLAG-tagged cDNA encoding Tubb2b was cloned using the Keays lab internal mouse cDNA library (note that human TUBB2B and its murine homolog are 100% identical at the protein level). The R390Q mutation was introduced using the Q5 Site-Directed Mutagenesis Kit according to the manufacturer's instruction (NEB, E0554S; Tubb2b_Q5_F/R; Supplementary Material, Table S1 ). Constructs were transfected the day before methanol fixation and immunocytochemistry as described previously (8) . The employed antibodies were: anti-DDDDK tag (Abcam, ab1162, 1:1000) and monoclonal anti-a-tubulin clone B-5 (Sigma-Aldrich, T6074-200UL, 1:1000). Cells were counterstained with DAPI (Thermo Fisher, D1306, 1:2000).
Generation of yeast strains and spot assays
Haploid BY4741 was the parental strain for generating the strains for studying the tub2-K390Q mutation. The pCS3 plasmid containing TUB2 linked to a downstream URA3 gene (TUB2.URA3) was a kind gift of the Gupta lab and was employed for the production of the wild-type TUB2.URA and mutant tub2-K390Q.URA3 strains essentially as previously described (41, 61) . The K390Q mutation was introduced on the plasmid encoded TUB2 gene by using a QuikChange Lightning Site-Directed Mutagenesis Kit according to the manufacturer's instructions (Agilent Technologies, 210518; TUB2_Quik_F/R; Supplementary Material, Table S1 ). The successful gene replacement was confirmed by PCR and Sanger sequencing (TUB2_PCR_F/R; Supplementary Material, Table S1 ) of genomic DNA (Gentra Puregene Yeast/Bact. Kit, Qiagen, 158567) according to standard methods. Tenfold dilutions of overnight cultures (30 C) of the parental BY4741, wild-type TUB2.URA3 and mutant tub2-K390Q strains were plated on YPD plates and YPD plates containing 5 mg/ml nocodazole (Sigma-Aldrich, M1404-2MG), 10 mg/ml benomyl (Sigma-Aldrich, 31586-5G) and 20 mg/ml benomyl. Spot assays were analysed following 48 hours of incubation at 30 C.
Preparation and immunohistochemistry of mouse histological sections
Generation, breeding and histology of the Tg(Tubb2b-eGFP) mice were performed as described previously (44) . Briefly, pregnant dams were sacrificed at embryonic day 16.5 and embryos were dissected. Heads were drop-fixed in 4% PFA overnight, dehydrated in 30% sucrose, mounted in Neg-50 frozen section medium (Richard-Allan Scientific; 6502-APD) and sectioned (12 mm). Genotypes were confirmed by PCR and 3 positive, as well as one negative embryo, were used for the experiment. Overview images were acquired with a slide scanner (Zeiss), detailed scans of the cerebellum on a Zeiss LSM 700. Control sections were acquired at the same settings as Tg(Tubb2b-eGFP) tissue. The employed antibodies were: anti-Calbindin (Millipore, AB1778, 1:500), anti-NeuN (Millipore, MAB377, 1:400), anti-Pax6 (Covance, PRB-278P, 1:300), anti-pH3 (Millipore, MAB5654, 1:500) and anti-Sox2 (Santa Cruz Biotechnology, sc-17320). All experiments were done in 3 transgene positive animals. Sections were counterstained with DAPI (Thermo Fisher, D1306, 1:2000).
Quantification
For comparison of signal intensity between external granular zone and Purkinje cell cluster area in Tg(Tubb2b-eGFP) (n ¼ 3) and control (n ¼ 1) sections, the average intensity was measured in an area as indicated in the figure using ImageJ. The graph was generated using GraphPad Prism. For quantification of the proportion of GFP positive cells for each marker population, a 250x250 mm area was drawn and all cells within this area were assessed manually using ImageJ. The percentage of cells was determined for each animal and averaged. The presented data in the text are given as average 6 SEM.
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